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In  this  work  we  study  the  effect  of  thin-film  deposition  on  the  quality  factor  (Q)  of  silicon  nanobeam  cavities.  We 
observe  an  average  increase  in  the  Q  of  38  ±  31%  in  one  sample  and  investigate  the  dependence  of  this  increase  on 
the  initial  nanobeam  hole  sizes.  We  note  that  this  process  can  be  used  to  modify  cavities  that  have  larger  than 
optimal  hole  sizes  following  fabrication.  Additionally,  the  technique  allows  the  tuning  of  the  cavity  mode  wave¬ 
length  and  the  incorporation  of  new  materials,  without  significantly  degrading  Q.  ©  2012  Optical  Society  of 
America 

OCIS  codes:  350.4238,  310.1860,  310.6860. 

1.  MOTIVATION 

Photonic  crystal  (PC)  cavities  provide  exciting  platforms  for 
photonics  applications  in  addition  to  fundamental  cavity 
quantum  electrodynamics  (cQED)  experiments.  The  ability  to 
fabricate  cavities  with  small  mode  volumes  (V)  and  large  Qs 
leads  to  large  enhancements  in  light-matter  interactions.  By 
placing  active  emitters  such  as  quantum  dots  (QDs)  into  the 
cavity,  it  is  easy  to  observe  Purcell  enhancement  of  sponta¬ 
neous  emission  with  only  modest  Qs.  Increasing  the  Q  further 
leads  to  the  quantum  regime  of  strong  coupling,  in  which 
energy  is  able  to  coherently  transfer  between  the  emitter 
and  cavity  multiple  times  before  decaying.  This  regime  leads 
to  exciting  new  physics,  such  as  the  Jaynes-Cummings 
ladder,  deterministic  single-photon  sources,  and  photon 
blockades  [1-3]. 

In  addition  to  a  high  Q  and  low  V,  it  is  important  that  the 
cavity  and  emitter  be  near  resonance  with  each  other.  Pre¬ 
vious  work  has  shown  the  ability  to  reversibly  tune  cavity 
resonances  by  5  nm  using  the  condensation  of  gases  at  low 
temperatures  [4].  Additionally,  tuning  of  2D  photonic  crystal 
systems  has  been  shown  using  atomic  layer  deposition  (ALD) 
of  hafnium  oxide  [5]  and  titanium  oxide  [6]  and  plasma- 
enhanced  chemical  vapor  deposition  of  silicon  nitride  [7]. 

In  this  work,  we  observe  a  shift  in  cavity  resonance  of  20  to 
29  nm,  with  a  high  tuning  precision  as  a  result  of  the  multiple- 
cycle  deposition  process. 

Finally,  it  is  important  that  one  can  incorporate  an  active 
medium  with  the  cavity.  While  this  can  be  achieved  with 
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QDs  and  quantum  wells  in  III— V  systems,  it  presents  more 
of  a  challenge  for  silicon  photonics.  In  this  work,  we  show 
the  ability  to  deposit  new  material  on  top  of  a  silicon  PC  cavity 
with  a  minimal  effect  on  the  Q.  This  opens  up  the  possibility  of 
incorporating  active  materials  through  similar  methods.  For 
example,  one  can  dope  A1203  with  layers  of  erbium  during 
the  deposition  process  [8]. 

2.  NANOBEAM  CAVITIES 

One  PC  cavity  geometry  that  is  becoming  popular  is  the  ID 
nanobeam,  shown  in  Fig.  1.  This  design  consists  of  a  strip 
waveguide  with  an  array  of  etched  holes.  The  holes  begin  with 
uniform  radius  and  spacing,  creating  a  Bragg  mirror  region. 
The  hole  radius  and  spacing  are  then  tapered  down  to  a  cavity 
region  where  the  mode  is  confined,  before  tapering  back  up  to 
another  mirror  region.  The  holes  confine  the  light  along  one 
dimension,  while  it  is  confined  by  index  guiding  along  the 
other  two.  The  substrate  can  be  etched  from  underneath 
the  cavity,  leaving  it  suspended,  or  in  the  case  of  this  work, 
the  cavity  can  remain  on  the  substrate  for  increased  durabil¬ 
ity.  Simulations  of  unsuspended  cavities  predict  Qs  as  high  as 
366,000  with  a  mode  volume  of  0.552 (X/rif.  Experimentally, 
unsuspended  silicon  nanobeam  cavities  have  already  been 
measured  with  Qs  of  360,000  [9]. 

In  this  work,  nanobeams  are  fabricated  on  silicon-on- 
insulator  wafers,  consisting  of  a  220  nm  silicon  layer  on 
top  of  a  2  pm  Si02  layer.  The  structure  is  defined  using  elec¬ 
tron  beam  lithography  and  formed  using  inductively  coupled 
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Fig.  1.  (Color  online)  Schematic  of  the  ID  nanobeam  cavity  with 
overlay  of  normalized  electric  field  energy  density. 

plasma  etching.  Each  nanobeam  is  characterized  by  a  lattice 
constant  “a,”  which  is  the  distance  between  the  center  of  the 
holes  in  the  mirror  region.  The  value  of  a  varies  from  390  to 
455  nm  in  5  nm  steps,  shifting  the  cavity  mode  through  the 
range  of  our  measurement  ability.  In  the  taper  region,  the 
lattice  constant  varies  from  0.98a  to  0.86a,  while  in  the  cavity 
region,  the  lattice  constant  is  0.84a.  The  nominal  hole  radius  is 
0.3  times  the  local  lattice  constant. 

3.  CHARACTERIZATION  BY 
MEASUREMENT  OF  THE  CAVITY  QUALITY 
FACTOR  Q 

In  order  to  characterize  the  Q  of  silicon  nanobeam  cavities,  we 
use  the  tapered  microfiber  probe  technique  [10,11].  In  this 
technique,  an  optical  fiber  is  heated  and  stretched,  such  that 
it  adiabatically  tapers  to  a  region  with  a  diameter  on  the  order 
of  1  pi m.  This  region  of  the  fiber  is  then  carefully  positioned 
across  the  nanobeam  cavity.  A  tunable  narrowband  laser 
source  is  coupled  into  one  end  of  the  fiber,  and  the  trans¬ 
mitted  power  is  detected  at  the  other  end.  As  the  laser  source 
is  tuned  into  resonance  with  the  cavity,  some  of  the  power  is 
coupled  into  the  cavity  mode,  resulting  in  a  measurable  dip  in 
transmission  through  the  fiber. 

As  a  result  of  the  tapered  microfiber  probe,  the  cavity 
experiences  an  additional  amount  of  loss.  This  causes  an 
increase  in  the  measured  resonance  linewidth  and  thus  a  de¬ 
crease  in  the  measured  Q  compared  to  the  intrinsic  Q  of  the 
cavity.  This  effect  was  studied  in  [10],  which  found  that  by 
positioning  the  probe  near  the  edge  of  the  nanobeam,  cou¬ 
pling  to  the  cavity  is  minimized,  leading  to  a  measured  Q 
closer  to  the  intrinsic  Q.  For  this  study,  all  Qs  are  measured 
at  the  edge  of  the  nanobeam  cavity.  Because  of  the  positioning 
uncertainty  of  the  probe,  which  leads  to  slight  changes  in  the 
coupling  and  hence  the  measured  Q,  five  measurements 
are  taken  of  each  cavity;  the  maximum  value  is  used  for  all 
comparisons. 


To  determine  the  intrinsic  Q  of  a  cavity,  we  use  the  crossed 
polarizer  resonant  scattering  technique  [10,12].  This  is  a  free 
space  method  in  which  a  tunable  laser  source  is  focused  onto 
the  cavity  with  a  microscope  objective.  The  incident  light  is 
polarized  at  45°  with  respect  to  the  polarization  of  the  cavity 
mode.  The  reflected  light  is  passed  through  a  polarizer  at  90° 
relative  to  the  incident  light.  Light  that  simply  reflects  from  the 
substrate  will  be  blocked  by  the  crossed  polarizer.  Light  that 
couples  into  the  cavity  will  scatter  out  with  the  polarization  of 
the  cavity  mode,  a  portion  of  which  will  be  able  to  pass 
through  the  final  polarizer  and  be  detected.  Because  of  the 
increased  difficulty  and  low  signal-to-noise  ratio  of  this  mea¬ 
surement,  this  technique  is  used  only  to  determine  the  intrin¬ 
sic  Q  of  the  best  cavities. 

4.  ATOMIC  LAYER  DEPOSITION 

Atomic  layer  deposition  is  a  thin-film  deposition  process  that 
works  through  the  sequential  application  of  two  or  more  gas 
phase  chemicals.  The  growth  takes  place  as  a  chemical  reac¬ 
tion  at  the  sample  surfaces.  The  reaction  is  self-limiting,  allow¬ 
ing  accurate  control  of  film  thickness  simply  by  counting  the 
number  of  cycles. 

Because  of  the  nature  of  this  deposition  technique,  the  re¬ 
sulting  film  is  conformal  and  grows  along  the  surface  normal 
[13].  This  effect  has  already  been  utilized  to  grow  microlens 
arrays  [M]  and  planarized  optical  gratings  [15]  and  to  tune 
photonic  crystal  waveguides  [7,16].  The  conformal  film  also 
reduces  surface  roughness,  and  ALD-grown  A1203  and  Ti02 
films  have  been  found  to  significantly  reduce  propagation 
losses  in  silicon  strip  and  slot  waveguides  [13,L7].  Because 
the  geometry  of  the  silicon  nanobeam  cavity  is  a  modified  si¬ 
licon  strip  waveguide,  we  believe  that  this  process  could  lead 
to  decreased  losses  and  higher  Qs  in  these  structures. 

For  this  work,  we  investigated  the  thin-film  growth  of  both 
Ti02  and  A1203  on  nanobeam  cavities  by  ALD.  Ti02  is  depos¬ 
ited  at  120  °C  using  a  process  with  titanium  tetrachloride 
(TiCl4)  and  water  as  precursors  [18].  A1203  is  deposited  at 
200  °C  using  a  process  with  trimethylaluminum  (A12(CH3)6) 
and  water  as  precursors  [19].  Figure  2  shows  scanning  elec¬ 
tron  micrograph  (SEM)  images  of  a  cavity  before  and  after  the 
deposition  of  20  nm  of  A1203,  showing  a  clear  reduction  in 
hole  size  due  to  the  thin  film. 

5.  EXPERIMENTAL  RESULTS 

For  initial  tests,  two  nanobeam  samples  were  fabricated  using 
the  same  design  parameters.  They  were  first  characterized 
using  the  tapered  microfiber  technique.  While  imaging  the 
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Q  Before  20nm  Al203  Q  Before  20nm  Ti02 

Fig.  3.  (Color  online)  Q  of  several  cavities  after  ALD  plotted  against  the  Q  measured  before  ALD,  for  20  nm  of  (a)  A1203  and  (b)  Ti02 .  The  solid  line 
has  a  slope  of  1  and  represents  no  change  in  the  Q ,  while  the  dotted  line  represents  the  average  change  of  38%  for  A1203  and  -1.3%  for  Ti02. 


cavities,  it  was  noticed  that  there  was  residual  mask  material 
remaining  from  fabrication.  This  material  was  removed  using 
a  10  min  02  plasma  etch.  The  cavities  were  recharacterized, 
and  it  was  noted  that  the  cavity  wavelength  decreased  by 
6.5  nm  on  average,  but  there  was  no  significant  change  in  cav¬ 
ity  Q.  One  sample  was  then  coated  with  20  nm  of  Ti02  (index 
2.27  at  A  =  1.55  //m),  while  the  other  was  coated  with  20  nm  of 
A1203  (index  1.62  at  A  =  1.55  ^m).  The  samples  were  charac¬ 
terized  again,  following  the  same  procedure.  The  Ti02  (A1203) 
coated  sample  showed  a  shift  in  cavity  mode  of  59.2  ± 
0.7(30.3  =b  0.8)  nm  on  average.  The  results  of  the  Q  measure¬ 
ments  are  plotted  in  Fig.  3.  While  one  Ti02  coated  cavity 
showed  an  increase  in  Q  of  29%,  the  average  change  in  Q  over 
all  cavities  was  -1.3  =b  16%.  Every  A1203  coated  cavity 
showed  an  increase  in  Q,  with  an  average  increase  of  38  ± 
31%  and  a  maximum  increase  of  124%.  The  large  standard  de¬ 
viation  for  this  sample  mostly  results  from  2  of  the  19  cavities, 
which  showed  an  increase  of  more  than  100%.  Figure  4  shows 
a  measurement  of  a  cavity  from  the  Al203-coated  sample  be¬ 
fore  and  after  deposition.  This  measurement  was  performed 
using  the  crossed  polarizer  resonant  scattering  technique,  so 
the  measured  Q  is  that  of  the  intrinsic  Q.  This  shows  the  cavity 
Q  to  have  increased  from  107,000  to  212,000. 

While  the  deposition  of  20  nm  of  A1202  on  that  particular 
sample  resulted  in  a  clear  increase  in  the  cavity  Q,  from  these 
initial  tests  it  is  not  clear  what  factors  contributed  to  this 
increase.  The  fact  that  the  sample  coated  with  Ti02  did  not 
show  the  same  increases  suggests  that  the  effect  is  not  ex¬ 
clusively  due  to  a  decrease  in  surface  roughness.  Finite- 
difference  time-domain  (FDTD)  simulations  of  the  silicon 


nanobeam  Q  [Fig.  5(a)]  indicate  that  the  Q  is  highly  dependent 
on  the  hole  radius,  with  a  peak  Q  near  a  radius  of  0.3  times  the 
lattice  constant.  To  account  for  the  decrease  in  hole  radius  as 
a  result  of  the  ALD  coating,  a  third  sample  was  fabricated  with 
an  added  offset  to  the  hole  radius.  For  each  lattice  constant, 
13  cavities  were  defined  with  offsets  ranging  from  -30  to 
+30  nm  in  5  nm  steps.  Four  arrays  of  these  cavities  were  fab¬ 
ricated  with  varying  electron  beam  dosage,  but  only  two 
arrays  provided  useful  cavities. 

This  sample  was  characterized,  coated  with  20  nm  of  A1202, 
and  then  recharacterized.  Fifty-three  of  the  60  cavities  that 
were  characterized  on  this  third  sample  showed  increases  in 
the  Q,  with  the  average  increase  being  20  ±  19%.  Figure  5(b) 
shows  a  plot  of  the  measured  Q  prior  to  ALD  coating  as  a  func¬ 
tion  of  hole  radius  offset.  There  is  a  trend  toward  higher  Qs  for 
cavities  with  smaller  holes.  Unlike  the  simulation,  there  is  not 
a  clear  peak  in  the  Q.  This  suggests  that  our  range  of  hole  sizes 
did  not  cover  the  designed  range.  Looking  at  the  percent  in¬ 
crease  in  the  Q  as  a  function  of  the  hole  radius  offset  (Fig.  6), 
there  is  also  a  clear  trend  toward  a  greater  increase  for  cav¬ 
ities  with  larger  holes.  Following  ALD,  these  cavities  have 
hole  sizes  closer  to  those  of  the  cavities  that  showed  the  high¬ 
est  Qs  prior  to  ALD.  This  is  consistent  with  the  idea  that 
the  increase  in  Q  is  due  to  the  shift  of  hole  size  closer  to 
the  optimal  (highest  Q)  design. 

Figure  7  shows  a  plot  of  the  shift  in  the  cavity  mode  wave¬ 
length  as  a  result  of  the  deposition  of  20  nm  of  A1203,  along 
with  FDTD  simulation  results.  While  the  wavelength  shift 
showed  very  little  dependence  on  the  lattice  constant,  it 
showed  a  strong  dependence  on  the  initial  hole  radius  offset. 


Wavelength  (nm)  Wavelength  (nm) 

Fig.  4.  (Color  online)  Crossed  polarizer  resonant  scattering  measurement  of  a  cavity  (a)  before  and  (b)  after  being  coated  with  20  nm  of  A1203, 
yielding  a  measured  Q  of  107,000  before  and  212,000  after.  The  before  data  were  collected  prior  to  the  02  plasma  etch,  which  removed  the  mask 
residue  and  shifted  the  cavity  peak  to  shorter  wavelength  by  6.5  nm. 
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Fig.  5.  (Color  online)  (a)  FDTD  simulation  of  the  Q  prior  to  ALD  coating,  showing  the  expected  peak  around  0  nm  offset.  The  0  nm  offset  cor¬ 
responds  to  a  hole  radius  of  0.3  times  the  lattice  constant,  (b)  Plot  of  the  average  measured  Q  of  several  cavities  prior  to  ALD  coating  versus  the  hole 
radius  offset,  showing  a  trend  of  higher  Q  for  cavities  with  smaller  holes  (more  negative  offset).  Dose  refers  to  the  dosage  used  during  electron 
beam  lithography. 


The  shift  also  showed  some  dependence  on  the  dosage  used 
during  electron  beam  lithography.  This  is  likely  due  to  the 
dependence  of  the  hole  size  and  beam  width  on  electron  beam 
dose.  The  higher  dose  array,  which  should  have  larger  holes 
due  to  the  increased  exposure  of  the  mask,  showed  wave¬ 
length  shifts  in  the  range  of  21.6  =b  0.2  nm  for  the  smallest 
holes  to  28.0  ±0.1  nm  for  the  largest  holes.  The  lower  dose 
array  showed  wavelength  shifts  in  the  range  of  20.2  ± 
0.2  nm  for  the  smallest  holes  to  27.1  ±  0.4  nm  for  the  largest. 
The  FDTD  simulations  predict  a  similar  range  of  wave¬ 
length  shift.  The  tuning  precision  is  very  high  because  it  is 


Fig.  6.  (Color  online)  Plot  of  the  average  percent  change  in  the  Q  of 
the  cavities  from  Fig.  4  versus  the  initial  hole  radius  offset,  showing  a 
trend  of  greater  increase  for  cavities  that  began  with  larger  holes 
(more  positive  offset).  The  FDTD  results  are  plotted  for  comparison. 


Hole  Radius  Offset  (nm) 

Fig.  7.  (Color  online)  Plot  of  the  average  shift  in  wavelength  of  the 
cavity  mode  following  ALD  versus  the  hole  radius  offset,  along  with 
the  FDTD  simulation  results. 


determined  by  the  growth  rate  of  the  thin  film,  which  can 
be  very  slow.  For  the  ALD  technique  used  in  this  work,  the 
growth  rate  was  around  0.1  nm/ cycle,  with  a  cycle  time  of 
3.45  s.  This  results  in  a  wavelength  shift  on  the  order  of 
0.1-0.15  nm/cycle. 

In  order  to  investigate  the  effect  of  the  A1203  coating  on  the 
mode  volume,  we  use  numerical  methods.  FDTD  simulations 
reveal  a  nearly  linear  relationship  between  the  mode  volume 
and  hole  radius  offset.  The  mode  volume  increases  from 
0.410(A/n)3  for  a  ±30  nm  offset,  to  0.658 (A/ri)3  for  a  -30  nm 
offset.  At  the  same  time,  the  increase  in  mode  volume  as  a 
result  of  depositing  20  nm  of  A1203  shows  little  dependence 
on  the  hole  radius  offset,  fluctuating  in  the  range  of  a  2.06%  to 
6.45%  increase. 

6.  CONCLUSIONS 

We  have  shown  that  ALD  can  be  a  valuable  tool  for  tuning  the 
resonant  wavelength  and  Q  of  ID  silicon  nanobeam  cavities 
postfabrication.  The  low  index  and  low  deposition  rate  of 
A1203  allows  for  very  precise  control  of  the  wavelength  shift. 
The  initial  size  of  the  cavity  holes  also  plays  an  important  role 
in  the  resonance  shift.  Cavities  with  smaller  holes  to  begin 
with  will  have  modes  that  are  more  confined  to  the  silicon 
and  therefore  will  see  less  of  an  effect  from  the  additional 
dielectric  material. 

Initial  results  show  that  a  20  nm  coating  of  A1203  can  in¬ 
crease  the  Q  of  ID  silicon  nanobeam  cavities  by  38  ±  31%. 
While  the  exact  nature  of  this  change  in  the  Q  is  not  fully  un¬ 
derstood,  both  simulation  and  experiment  show  that  the  Q  is 
significantly  affected  by  the  size  of  the  cavity  holes.  Therefore, 
it  is  likely  that  the  changing  hole  size  resulting  from  the  A1203 
deposition  is  responsible  for  much  of  the  change  in  the  Q  ob¬ 
served  in  this  work.  There  still  remains  much  to  be  done  to 
determine  the  contribution  of  other  effects  to  the  change  in 
the  Q.  The  conformal  nature  of  the  ALD  film  will  lead  to  de¬ 
creased  surface  roughness  and  decreased  scattering  losses  at 
the  Al203-air  interface;  however,  the  large  index  mismatch  of 
A1203  and  silicon  means  that  scattering  at  this  interface  will 
still  be  significant.  Additionally,  the  thin  film  could  be  causing 
surface  passivation,  leading  to  decreased  absorption  by  sur¬ 
face  states.  Finally,  the  film  may  be  affecting  the  mode  profile, 
pulling  the  field  away  from  the  oxide  layer  and  decreasing 
losses  into  the  substrate.  Repeating  these  experiments  with 
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various  materials  and  film  thicknesses  will  reveal  more  detail 
on  these  separate  effects. 

In  summary,  the  ability  to  deposit  A1203  onto  silicon  nano¬ 
beams  without  significantly  degrading  the  Q  or  increasing  V  is 
important  for  the  field  of  silicon  photonics  and  cQED.  In  ad¬ 
dition  to  being  able  to  tune  the  cavity  resonance,  the  ability 
to  incorporate  new  materials,  such  as  erbium,  will  allow  the 
fabrication  of  active  devices  from  silicon  PC  cavities. 
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